Introduction
Corticosteroid hormones are divided into glucocorticoids and mineralocorticoids, which both are secreted by the adrenal cortex. The levels of corticosteroids are regulated by feedback mechanisms involving the hypothalamic-pituitary-adrenal (HPA) axis. Stressful environmental changes activate the HPA axis elevating the corticosteroids (de Kloet et al., 1998 (de Kloet et al., , 2005 . Cortisol is the physiological glucocorticoid in man, whereas in rodents this is corticosterone (Cort). Glucocorticoids act via receptors (GRs) and influence cell metabolism and the inflammatory response. Aldosterone in turn acts via the mineralocorticoid receptor (MR) and controls the transport of natrium across membranes. GR and MR are ligand-specific transcription factors that are bound to heat shock proteins in their inactive state and translocate to the nucleus after ligand binding. Specific glucocorticoid-responsive elements are present in target genes and mediate effects on gene transcription (Beato, 1989) .
In the brain, GRs are present in different brain regions in both neurons and glial cells (Fuxe et al., 1985; Van Eekelen et al., 1991; Schmidt et al., 2003) . The expression of MR is more restricted and mainly confined to hippocampus in the adult brain. Activation of GR has effects on various processes that alter behavior, memory, mood, and the survival of specific neurons (de Kloet et al., 1998; Crochemore et al., 2005) . Glucocorticoids are known to influence developmental processes (Gass et al., 2001; de Kloet et al., 2005) , and early exposure to stress has persistent effects on learning abilities and behavior (Lemaire et al., 2000) . The molecular and cellular basis of these effects is not fully understood.
Neural stem cells (NSCs) are present in developing neuroepithelium but also in the fully mature nervous system in certain neurogenic regions, such as in the dentate gyrus and the lining of the lateral ventricles (Taupin and Gage, 2002) . Previous studies have shown that neurogenesis in the adult hippocampus is sensitive to various factors, such as growth hormones (Åberg et al., 2000; Gould and Gross, 2002; Schanzer et al., 2004) , learning (Gould et al., 1998) , and various drugs (Lemaire et al., 2000) . In addition, the hormonal milieu plays an important role for adult brain neurogenesis, as shown for the sex steroids estrogens (Tanapat et al., 1999; Perfilieva et al., 2001; Brännvall et al., 2002; Tanapat et al., 2005) and androgens (Perfilieva et al., 2001; Brännvall et al., 2005) . In adults, administration of glucocorticoid hormones negatively influence neurogenesis (Cameron and Gould, 1994; Gould et al., 1998; Karishma and Herbert, 2002) .
However, the effects of glucocorticoids in embryonic NSCs and developing brain are essentially unknown. We show here that NSC isolated from embryonic brain express GR and MR. Dexamethasone (Dex) dramatically inhibited proliferation of embryonic NSCs, which was accompanied by a decrease in cyclin D1. The mechanism involved the proteasome-mediated degradation of cyclin D1 regulating the cell cycle. In vivo, dexamethasone reduced the proliferation of NSCs in embryonic brain, showing an important effect of the hormone on brain development.
Materials and Methods
Animals. Wistar rats were obtained from Harlan (Horst, The Netherlands) and housed at 12 h light/dark cycle with food available ad libitum. All experiments were approved by the local ethical committee and performed in accordance with the European Communities Council Directive (86/609/EEC).
Preparation and dissociation of NSCs. Striatum was dissected from embryonic day 17 (E17), and NSCs were prepared as described previously (Brän-nvall et al., 2002 (Brän-nvall et al., , 2005 Korhonen et al., 2003) . Cells were incubated at ϩ37°C in 5% CO 2 atmosphere in Corning (Helsinki, Finland) Suspension Culture dishes (5 ϫ 10 6 cells per 10 cm dish; Corning) or in Corning Ultra Low Attachment dishes (Corning) in NSC medium containing 15 nM HEPES, pH 7.5, 2.5 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 20 ng/ml epidermal growth factor (EGF) (PeproTech, Rocky Hill, NJ), and B27 supplement (Invitrogen, Espoo, Finland) in DMEM/F-12 (Invitrogen). Neurospheres were grown for 4 -5 d, gently dissociated, and collected by centrifugation for 5 min at 1500 rpm. The cells were resuspended into appropriate volume of medium containing EGF, hormones, and inhibitors as indicated.
NSC viability and proliferation assay. NSCs were cultured in 96-well cell culture dishes (70,000 cells per well; Costar 3599; Corning) in 100 l of serum-free medium in the presence of 20 ng/ml EGF and different concentrations of Dex and Cort (both from Sigma, Helsinki, Finland) as indicated in the figures. Mifepristone [RU-486 (17␤-hydroxy-11␤-(4-methylaminophenyl)-17␣-(1-propynyl) estra-4,9-dien-3 one-6 -7)] and spironolactone [7␣-(acetylthio)-17␣-hydroxy-3oxopregn-4-ene-21carboxylic acid lactone] (both from Sigma) were used to inhibit GR and MR, respectively. To estimate the viability of cells, we used the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma)] assay as described previously (Brännvall et al., 2002 (Brännvall et al., , 2005 .
For 5Ј-bromo-2-deoxy-uridine (BrdU) labeling, NSCs were incubated in 35 mm dishes (10 6 cells per dish, Corning Ultra Low Attachment) in culture medium in the presence of 1 M Dex or 1 M Cort. After 2 d, BrdU (10 M; Sigma) was added, and the incubation was performed for an additional 24 h, after which cells were dissociated and plated onto 50 g/ml poly-DL-ornithine (Sigma)-coated coverslips (150,000 cells per well; Costar 3524; Corning). After attachment, NSCs were fixed for 20 min with 4% paraformaldehyde, washed three times with PBS, pH 7.4, and treated with 2 M HCl for 30 min at room temperature. Cells were washed twice with PBS, blocked for 1 h in 3% BSA (Sigma), 0.1% Triton X-100/PBS, and primary rat anti-BrdU (diluted 1:200; Sigma). The next day, cells were washed three times with PBS and incubated for 2 h with the secondary anti-rat cyanine 3 (Cy3) antibody (diluted 1:200; Jackson ImmunoResearch, Cambridgeshire, UK). Cells were washed three times with PBS and counterstained using Hoescht (4 g/ml; Sigma) before mounting in Gel Mount. The number of total and BrdU-positive cells were counted using microscopy in four nonoverlapping fields per coverslip. Experiments were repeated more than three times, and ANOVA was used for statistical analysis.
To transfect NSCs, we used the Amaxa (Cologne, Germany) Nucleofector kit and equipment and 8 g of pDEST26 expression vector encoding human cyclin D1. Transfection with enhanced green fluorescent protein (GFP) was used as control. At 24 h after transfection, half of the cells were treated for 2 d with Dex, and cell proliferation was analyzed by BrdU labeling.
Cell differentiation. NSC were plated onto 50 g/ml poly-DL-ornithinecoated 24-well culture dishes (150,000 cells per well; Costar 3524; Corning) and incubated for 5 d in the presence of Dex (Brännvall et al., 2002; Korhonen et al., 2003) . The cells were fixed for 20 min using 4% paraformaldehyde, blocked in 1% BSA and 0.1% Triton X-100, washed by PBS, incubated for 30 min with 0.3% H 2 O 2 to inhibit endogenous peroxidases, and blocked for 1 h using 3% BSA in PBS/0.1% Triton X-100. The following primary antibodies were used and added overnight at 4°C: monoclonal mouse anti-␤-tubulin (diluted 1:200; BioSite, Helsinki, Finland), rabbit anti-glial fibrillary acidic protein (1:200; Sigma), and rabbit anti-␣-nestin (1:1000; Chemicon, Helsinki, Finland). Secondary Cy2 anti-mouse and Cy2 anti-rabbit antibodies (1:200; Jackson ImmunoResearch) were added for 1 h in PBS in 1% BSA and 0.1% Triton X-100. The number of immunoreactive cells in each well was counted using fluorescent microscopy in four independent fields. Statistical analysis was done as above.
Western blotting and immunohistochemistry. This was done essentially as described previously (Korhonen et al., 2001; Brännvall et al., 2002 Brännvall et al., , 2005 . NSCs were incubated as above, and cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 1% SDS and 10 mM Tris-HCl, pH 7.4 to detect GR or using 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA, and a protease inhibitor cocktail (Roche, Espoo, Finland) to detect cell cycle proteins. In some experiments, MG123 (Calbiochem, Espoo, Finland) was used to inhibit the activity of the proteasome (Yu et al., 2003) . Protein concentrations were determined by Pierce (Helsinki, Finland) protein assay, and equal amounts of proteins were loaded onto a 10% SDS-gel for separation. Loading was further controlled by PonceauS staining (Sigma). The gel was transferred onto a nitrocellulose membrane (Amersham Biosciences, Helsinki, Finland) and incubated with primary antibodies such as rabbit anti-GR antibody (1:250; Affinity BioReagents, Helsinki, Finland), mouse anti-MR antibody (1:100; Affinity BioReagents), mouse anti-cyclin D1 (1:700; Santa Cruz Biotechnology, Helsinki, Finland), mouse anti-p18 (1:400; BD Biosciences, Helsinki, Finland), mouse anti-p27 (1:800; BD Biosciences), mouse monoclonal anti-ubiquitin antibody, P4G7 (1:1000; BioSite), or rabbit anti-actin (1:1000; Sigma). After washing, the filter was incubated with horseradish peroxidase-conjugated secondary anti-rabbit/mouse antibodies (1:2500; Pierce) and detected using the ECL method. Actin was used as control. In some experiments, 100 g of ubiquitin ladder (Affiniti Research, Exeter, UK) was analyzed to show the size of the ubiquitinated protein.
To detect GR and MR in embryonic rat brain, specimens were embedded in paraffin, sectioned using a microtome, and collected onto Superfrost slides. Sections were deparaffinated, and antigen retrieval was performed by boiling for 5 min twice in 0.01 M citric acid, pH 6.0. Sections were fixed for 1 h in 5% BSA and 0.1% Triton X-100/PBS and processed for staining and visualization as described above, using anti-GR and anti-nestin antibodies (1:1400; Chemicon) for double staining.
Immunoprecipitation and ubiquitination of cyclin D1. For immunoprecipitation cells were lysed in RIPA buffer (see above) supplemented with protease inhibitor cocktail (Roche). The lysates were precleared with protein G-agarose (Roche) for 1 h, followed by determination of protein and an overnight incubation with primary mouse anti-cyclin D1 antibody (Santa Cruz Biotechnology). A total of 40 l of protein G-agarose (Roche) was added to each lysate for 2 h, followed by three washes with lysis buffer. Agarose beads were boiled, and proteins were separated as described above. The anti-ubiquitin antibody P4G7 (1:300; BioSite) was used to detect ubiquitinated cyclin D1.
PCR analysis. The presence of transcripts for cyclin D1, GR, and MR in NSCs was determined by reverse transcriptase (RT)-PCR. Total RNA was extracted using GenElute Mammalian Total RNA Miniprep kit (Sigma) from cells according to the instructions of the manufacturer. A total of 1 g of RNA was used for cDNA synthesis using 200 U of Moloney murine leukemia virus RT (Invitrogen) with 12.5 g/ml oligo-dT primer (Promega, Helsinki, Finland) and appropriate ingredients and buffer (Invitrogen). PCR was performed using the conditions of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 30 cycles with a 10 min 72°C final extension. The specific oligonucleotides (Thermo Electron Corporation, Bremen, Germany) were as follows: GR, 5Ј-GTCCATGGGGCTGTATATGG-3Ј (upstream) and 5Ј-TCCTCATTCGTGTTCCCTTC-3Ј (downstream) corresponding to nucleotides 59 -78 and 518 -537 in the rat sequence; MR, 5Ј-TCAGACCTTG-GAGCGTTCTT-3Ј (upstream) and 5Ј-AGTGTGGAGGACCTGT-GACC-3Ј (downstream) corresponding to nucleotides 56 -75 and 430 -449. For cyclin D1, the oligonucleotides were as follows: 5Ј-AAGTAGTG-GCATCCGC-3Ј (upstream) and 5Ј-CCCGTCTCCCTATACTCAG-3Ј (downstream) corresponding to nucleotides 1041-1057 and 1253-1272 in the rat sequence; ␤-actin, 5Ј-TGTTTGAGACCTTCAA-3Ј (upstream) and 5Ј-TTGGCGTACAGGTCTTTGCGG-3Ј (downstream).
In vivo experiments. Dex was injected intraperitoneally (100 g/kg) to timed-pregnant E14 rats for 3 d, and the controls received saline. BrdU (100 mg/kg, dissolved in 0.9% saline) was given for the last 2 d. Rats were anesthetized and decapitated, and the brains of the pups were immediately removed, rinsed with PBS, and fixed for 24 h in 10% Formalin. Brains were stored up to 3 d in 70% ethanol and then dehydrated in an alcohol series and embedded in paraffin. Sections at 15 m were cut using a Leitz (Wetzlar, Germany) microtome and placed on SuperFrost Plus glass slides (Menzel-Gläser, Espoo, Finland).
Sections were deparaffinized with xylene and incubated in ethanol and water. Antigen retrieval was done as above, and the sections were treated for 30 min at 67°C with 1 M HCl and washed with PBS. Primary mouse antinestin and rat anti-BrdU antibodies were added overnight at 4°C, followed by washing of sections with PBS. The additional incubation was at room temperature for 1 h using secondary AlexaFluor 488 anti-rat (1:2000) and AlexaFluor 568 anti-mouse (1:2000; Invitrogen, Carlsbad, CA) antibodies. Sections were washed and mounted with gel mounting medium (Gel Mount; Sigma).
Stereology. The number of BrdU-nestin double-positive cells in the developing rat brain was determined using unbiased stereology methods and the Stereo Investigator (MicroBrightField, Magdeburg, Germany) platform attached to an Olympus Optical (Tokyo, Japan) BX51 microscope. Cells were counted using the optical fractionator method in combination with the dissector principle and unbiased counting rules (Mouton et al., 2002; Hienola et al., 2004) . The method was optimized to give a coefficient of error Ͻ8% per individual brain sample. Three individual brains from Dex-treated and control animals were analyzed. Every 10th section was selected in a systematic random manner from a total number of 52-60 sections through the hippocampus of each brain, which generated five sections per reference space per brain. Each reference space was outlined at low power (10ϫ), and cells were counted using a highmagnification (63ϫ, 1.4 numerical aperture oil-immersion) objective. Cell number in the ventricular zone of ganglion eminence was counted from the same section. The reference volume was estimated using Cavaleri dot grid (75 ϫ 75 m) to give the density in the ventricular zone. Statistical analyzes was done using Student's t test.
Results
GRs are expressed in embryonic NSCs and in developing rat neuroepithelium NSCs were prepared from embryonic rat brain and cultured as neurospheres in the presence of EGF. The expression of the receptors for corticosteroid hormones was studied using RT-PCR. Figure 1 A shows the presence of transcripts for GR in embryonic and adult NSCs. In contrast, the level of MR was higher in embryonic compared with adult NSCs (Fig. 1 A) . Western blot analyses using specific antibodies for the receptors showed that embryonic NSCs express GR and MR (Fig. 1 B) . Immunocytochemistry for the GR showed nuclear staining in cultured NSCs after stimulation with the synthetic glucocorticoid hormone Dex (Fig. 1C) . Apart from cultured NSC, developing neuroepithelium exhibited a strong reactivity for GR (Fig. 1 D) . Double staining of the cells showed that GR was present in cells positive for the NSC marker nestin (Fig. 1 D) . These results show that particularly GR receptors are present in embryonic NSCs. A, NSCs were prepared from striatum of embryonic E17 and adult rat brain, and RT-PCR for GR and MR was made as described in Materials and Methods. GR (478 bp) was expressed in embryonic and adult NSCs, but MR (393 bp) was only detected in embryonic cells. ␤-Actin (Ac) was used as control. B, Lysates from embryonic NSCs were subjected to Western blotting as described in Materials and Methods. Note the presence of GR (97 kDa) and MR (116 kDa) in control (C) and hormone-treated cells. ␤-Actin was used as control. C, NSCs from E17 rat brain were cultured as neurospheres as described in Materials and Methods. Cells were fixed and immunostained with antibodies against GR (green color) and analyzed using fluorescent microscope. Nuclei are stained with Hoescht blue. Scale bars, 15 m. Control without primary antibody showed no staining. D, Developing neuroepithelium contains GR-positive NSCs. Sections from E17 rats were cut on a cryostat, fixed, and incubated with antibodies against GR (green) and nestin (red) as described in Materials and Methods. Note the expression of GR in the lateral ventricular wall. Nuclei are stained with Hoescht blue. Merged pictures of GR and nestin on the right show double-positive NSCs. Scale bars, 30 m. Control without antibody showed no staining.
Dexamethasone decreases proliferation of NSCs in embryonic brain
To study whether glucocorticoids influence development of NSCs in vivo, embryonic rats were treated with Dex for 3 d, followed by labeling of dividing cells using BrdU. NSCs were identified by the marker nestin, and the number of BrdU-nestin, double-labeled cells were counted in control and hormonetreated animals using unbiased stereology techniques (see Materials and Methods). Results on the double staining of cells in developing striatum and hippocampus are shown in Figure 2 . Quantification of data showed that Dex treatment decreased the number of double-positive NSCs in developing neuroepithelium from 1210.8 Ϯ 49 ϫ 10 3 in controls to 752.8 Ϯ 31 cells ϫ 10 3 / mm 3 tissue in hormone-treated rats (reduction by 37.8 Ϯ 3.8%, means Ϯ SD; n ϭ 3; p Յ 0.003). In the developing hippocampal anlage, the values for double-labeled cells were 66.8 Ϯ 3.9 ϫ 10 3 in controls and 41.3 Ϯ 2.9 ϫ 10 3 in hormone-treated rats. This amounts to a decrease in the number of dividing cells by ϳ37.0 Ϯ 4% (means Ϯ SD; n ϭ 3; p Յ 0.003). This demonstrates that Dex reduces the proliferation of embryonic NSCs in vivo, which can have profound effects on brain development.
Effects of glucocorticoids on the viability of embryonic NSCs in culture
To study the role of glucocorticoids in more detail, embryonic NSCs were cultured as neurospheres in the presence of different concentrations of Dex or Cort. Figure 3A shows that 1 M Dex and 1 M Cort significantly, by ϳ40 Ϯ 3%, reduced the viability of NSCs stimulated with EGF. To study which type of receptors are mainly involved in this effect, we used specific blockers for the GR and MR. Mifepristone, a blocker of GR receptors, inhibited the Dex-mediated decrease in cell viability and partly counter- Values represent mean Ϯ SEM (n ϭ 9). A, NSCs were incubated for 3 d in the presence of 1 M Dex or 1 M Cort. Mifepristone (MIFE) and spironolactone (SPIR) were at 2 M. p Յ 0.001 for EGF versus Dex and EGF versus Cort and for Dex plus MIFE versus Dex. p Յ 0.005 for Cort plus MIFE versus Cort. B, Dose-response curve. NSCs were incubated for 2 d. C, Control. p Յ 0.001 for C versus 10 nM and higher Dex, and C versus 30 nM or higher Cort. C, Cultured NSCs were lysed, and equal amounts of proteins were subject to Western blotting using an antibody against cleaved caspase-3 (17 kDa) as described in Materials and Methods. Note activation of caspase-3 in the absence of EGF but no effect of the hormone treatment. D, Propidium iodine was added to the cultures to assay cell viability. Number of cells taken up this compound is shown with no difference between groups.
acted the reduction observed with Cort (Fig. 3A) . In contrast, the MR-specific blocker spironolactone had no effect on hormonetreated NSCs (Fig. 3A) . Study of the dose-response curve showed that 10 nM Dex was able to decrease viability of the embryonic NSCs (Fig. 3B) . In contrast, the effect of Cort was discernible only with Ͼ30 nM of ligand (Fig. 3B) . These results showed that the effect of glucocorticoids occurs through activation of GR. The saturation of the GR is thought to occur with nanomolar concentrations of ligand (de Kloet et al., 1998) , suggesting that physiological concentrations of glucocorticoids can influence embryonic NSCs.
Effects of glucocorticoids on the proliferation of NSCs in culture
The decrease in the viability of embryonic NSC elicited by Dex could be attributable to reduced proliferation or increased cell death occurring in dividing cells. We observed no indications for increased cell death elicited by glucocorticoids in the NSC cultures. This is evident from the absence of caspase-3 cleavage in hormone-treated cells (Fig. 3C) , the lack of condensated nuclei with DNA fragmentation that occurs during cell death (Fig. 1C) , and by the unchanged number of propidium iodine-stained cells (Fig. 3D) . As a positive control for caspase activation, the withdrawal of EGF led to cleavage of caspase-3, as shown in Figure 3C . We then studied cell proliferation directly using BrdU labeling. Figure 4 A shows that the number of labeled embryonic NSCs was decreased after hormone treatment. Quantification of the data revealed that Dex decreased BrdU labeling by ϳ60% from 65 Ϯ 4% in controls to 26 Ϯ 5% positive cells in treated cultures (Fig.  4 B) . The corresponding value in Cort-treated cultures was 38 Ϯ 4% of BrdU-labeled cells, showing a 40% inhibition (Fig. 4 B) . Treatment of NSC with mifepristone abolished the decrease in cell proliferation elicited by Dex, showing an involvement of GR (Fig. 3C) . Because neurospheres are heterogeneous clusters of cells, we studied whether the hormone directly affected NSCs positive for the marker nestin. The results showed that the number of nestin-positive NSCs decreased by ϳ40 and 30% in Dexand Cort-stimulated cells (Fig. 3D) . The results in Figure 4 on cultured embryonic NSCs are in close line with the data observed in vivo using Dex (Fig. 2) . These findings show that the decrease in the viability of NSCs by glucocorticoids results from an effect on cell proliferation. To study possible effects of glucocorticoids on cell differentiation, we incubated the embryonic NSCs with hormone and stained for cell-specific markers for neurons and glia cells. The results in Figure 5 show that 1 M Dex and Cort did not influence cell differentiation of embryonic NSCs.
Activation of GR decreases cyclin D1 levels in embryonic NSCs
To study the mechanisms by which glucocorticoids affect NSC proliferation, we first analyzed whether Dex has an effect on the levels of EGF receptors in the embryonic NSCs but found no decrease in EGF receptors in hormone-stimulated cells (data not shown). We then studied levels of cell cycle regulators in the NSCs using Western blotting. Figure 6 A shows that Dex did not influence the levels of the cyclin dependent kinase (CDK) inhibitors p18, p27, and p57 that affect the cell cycle (Sherr and Roberts, 1995) . In contrast, the levels of cyclin D1 were dramatically reduced in embryonic NSCs in the presence of Dex and to a lesser degree with Cort (Fig. 6 B) . The effect was observed in EGFstimulated and -deprived cells (Fig. 6 B) . Study of the time course showed that the decrease in cyclin D1 by Dex was observed after 6 h stimulation, with a maximum attained at 12 h (Fig. 6C) . The activation of GR was crucial for the effect, because mifepristone inhibited the decrease in cyclin D1 observed with Dex (Fig. 7A) . To study whether the effect involves RNA or protein syntheses, NSCs were treated with Dex in the presence of actinomycin D and cycloheximide, respectively. The results on actinomycin D showed that this blocker did not alleviate the hormone-dependent decrease in cyclin D1, but the inhibitor itself reduced cyclin D1 in the NSCs (Fig. 7B) . A similar finding was observed with cycloheximide (data not shown). This indicates that cyclin D1 is constantly turned over in the NSCs, which depends on ongoing RNA and protein syntheses. In addition, RT-PCR revealed no change in mRNA levels for cyclin D1 after treatment with Dex, indicating a posttranscriptional effect of the hormone (Fig. 6E) .
Involvement of proteasome activity in dexamethasoneinduced decrease of cyclin D1
External stimuli and various signaling cascades, such as the glycogen synthase kinase-␤ (GSK␤) pathway, are known to affect cyclin D1 (Diehl et al., 1998) . To study whether the GSK␤ pathway is involved in the Dex-mediated effect, we incubated NSCs in the presence of LiCl, inhibiting GSK␤. Figure 7C shows that treatment with LiCl elevated cyclin D1 in the NSCs, which was particularly strong at 16 h of treatment. However, the downregulation of cyclin D1 caused by Dex was not blocked by LiCl, as shown here for the 24 h incubation (Fig. 7C) . A similar finding was made using the specific GSK␤ inhibitor AR-A014418 [N-(4-methoxybenzyl)-NЈ-(5-nitro-1,3-thiazol-2-yl)urea] (data not shown). This shows that, although GSK␤ is active in the NSCs, Dex acts via other mechanisms not directly related to this pathway. To explore this further, MG132 (benzyloxycarbonyl-leucyl-leucyl-leucinal) was used to inhibit the ubiquitin proteasome system (UPS) in the embryonic NSCs. The results demonstrated that blocking of proteasome activity by MG132 counteracted the degradation of cyclin D1 induced by Dex (Fig. 8A) . A similar finding was observed also using lactacystin to block the proteasome (Fig. 8A) . These data demonstrate that the activation of GR by Dex results in the decline of cyclin D1 via the UPS, which determines the degradation of this protein in the embryonic NSCs. To study the underlying mechanisms, the degree of ubiquitination of cyclin D1 was examined using immunoprecipitation, followed by Western blot with anti-ubiquitin antibodies. MG132 as a control increased the amount of ubiquitinated cyclin D1 in the NSCs (Fig. 8C) , as did the addition of Dex (Fig. 8C) . Control experiments using anti-GFP antibodies for immunoprecipitation did not reveal any cyclin D1 or protein ubiquitination (Fig. 8B,C) . Moreover, the total levels of ubiquitinated protein species did not change significantly by Dex, indicating that the effect on cyclin D1 is specific (Fig. 8D) . This shows that Dex enhances the ubiquitination of cyclin D1 in embryonic NSCs, leading to an inhibition of cell proliferation. To substantiate this, we incubated NSCs with Dex in the absence or presence of MG132 to study cell proliferation. Data showed that the decrease in NSC proliferation induced by Dex was reversed by MG132, blocking the proteasomal degradation of cyclin D1 (Fig. 9A) . MG132 did not further increase BrdU labeling, which can be attributable to the fact that the compound may have some additional effects on the cell cycle proteins in NSCs. We also observed that overexpression of cyclin D1 in the NSCs increased cell proliferation and counteracted the effect observed with Dex (Fig. 9B) . This demonstrates that the levels of cyclin D1 control the proliferation of embryonic NSCs and that Dex can inhibit this process through the UPS via the degradation cyclin D1. . Effects of glucocorticoids on cell cycle regulators. Embryonic NSCs were cultured for 24 h in the absence or presence of different concentrations of Dex or Cort. Cells were lysed and equal amounts of proteins were subject to Western blotting as described in Materials and Methods. Specific antibodies for the different proteins were used, and ␤-actin was control. A, B, p18, p27, and p57. No differences were observed in expression levels for control (C) versus Dex or Cort. C, Cyclin D1 in the presence or absence of 20 ng/ml EGF. Values below are relative expression levels quantified by Gel Doc analyses (Bio-Rad, Hercules, CA). D, Time course in the presence of 1 M Dex. Relative expression levels are given below. E, mRNA levels for cyclin D1 were studies by using PCR as described in Materials and Methods. Note no change in cyclin D1 mRNA by Dex.
Discussion
The results in the present study demonstrate that glucocorticoid hormones influence proliferation of embryonic NSCs by activating the cognate GRs. The mechanism was shown to involve ubiquitination of cyclin D1 and the degradation of the protein by the UPS. Cyclin D1 is rapidly turned over in the NSCs, and the levels are regulated by the activity of GSK␤, as shown previously in other cells (Diehl et al., 1998) . Our data showed that inhibition of GSK␤ increased cyclin D1 levels in control, but not in Dex-treated, NSCs. This suggested another pathway for Dex in the regulation of cyclin D1 in these cells. We observed that the addition of Dex increased the ubiquitination of cyclin D1, which is a prerequisite for its degradation via the UPS. Inhibition of UPS by MG132 restored the levels of cyclin D1 and counteracted the decrease in cell proliferation caused by Dex. This demonstrates that Dex regulates proliferation of NSCs through action on cyclin D1. Cyclin D1 has been shown previously to undergo ubiquitination via the activity of the SKP1/SKP2/ CUL-1 E3 ligase complex (Yu et al., 1998) . The exact mechanisms by which Dex induces ubiquitination of cyclin D1 in the NSCs and the role of specific E3 ligases in this process remain to be studied in the future.
The crucial roles of type D cyclins in the regulation of NSCs was reported recently for adult NSCs in which lack of cyclin D2 inhibited cell cycle and neurogenesis (Kowalczyk et al., 2004) . The present findings show that activation of GR can profoundly decrease cyclin D1 levels, leading to inhibition of cell proliferation in embryonic NSCs. In preliminary experiments, we observed low levels of cyclin D2 in the embryonic NSCs, which were not further decreased by Dex (data not shown). This suggests that cyclin D1 is important for the regulation of NSCs proliferation during embryonic life, whereas cyclin D2 is more crucial in the adult brain (Kowalczyk et al., 2004) . Three type D cyclins have been cloned in mammals (Kozar et al., 2004) . As shown by studies in gene-deleted mice, the roles of the different type D cyclins in the control of cell cycle vary between tissues and cells (Kozar et al., 2004) . Mice lacking cyclin D1 show developmental neurological abnormalities and hypoplastic retinas, whereas cyclin D2-deficient animals have cerebellar defects (Fantl et al., 1995; Huard et al., 1999) . In animals lacking all D-type cyclins, the proliferation of hematopoietic stem cells is severely affected during embryonic life. Because of prenatal lethality, the nervous system of these animals has so far not been analyzed. In the future, it is important to study whether glucocorticoids can influence the development of other stem cell populations than NSCs and whether this occurs through regulation of cyclin D proteins.
In this context, it is interesting to note that the relative decrease in cyclin D1 by Dex was greater than the degree of inhibition of cell proliferation (compare Figs. 2 B, 6C) . The reason for this is not clear at the moment, but it is known from studies of fibroblasts lacking cyclin D that cell cycle progression can be driven Western blots were performed and cyclin D1 levels were quantified as described in Materials and Methods. Relative expression levels are given below. Note restored cyclin D1 levels in the presence of MG132. Right shows experiments with the proteasome inhibitor lactacystin, giving similar results. B, Cyclin D1 was immunoprecipitated from NSCs by the cyclin D1 antibody (lane 1) but not by the irrelevant GFP antibody (lane 2). C, Cyclin D1 was immunoprecipitated (IP) from NSCs treated with 1 M Dex or 10 M MG or both. Western blots were performed and the degree of cyclin D1 ubiquitination was determined using the anti-ubiquitin antibody. Arrowheads show the presence of ubiquitinated cyclin D1 at 36 kDa, and the upper band is the Ig heavy chain. Right shows control experiment using the GFP antibody for immunoprecipitation and anti-ubiquitin antibodies for blotting. Note an increase in ubiquitination of cyclin D1 after Dex. Bottom shows total cyclin D1 levels in the immunoprecipitate. Values below are the ratios of ubiquitinated to total cyclin D1. D, Total levels of ubiquitination in NSC. Western blotting was performed using the ubiquitin antibody that recognizes both mono-ubiquitin and poly-ubiquitin. The ladder to the right shows the localization of mono-ubiquitinated and poly-ubiquitinated species. Data indicates no general effect by Dex on the levels of mono-ubiquitin or poly-ubiquitin species in NSCs.
by other proteins in the CDK2 complex (Kozar et al., 2004) . Whether this is also the case for embryonic NSCs remains to be studied.
In our study, the addition of Dex and Cort inhibited the proliferation of cultured NSC by activation of GR expressed by these cells. Mifepristone, a blocker of the GR, inhibited the effect, whereas spironolactone, acting on MR did not. These data are consistent with the relative high expression of GR in the NSCs in both culture and the developing neuroepithelium. Compared with GR, MR has a more restricted expression in the brain and is found mainly in the adult rat hippocampus (de Kloet et al., 1998 (de Kloet et al., , 2005 . Study of the dose-response curve showed that 10 nM Dex was able to reduce proliferation of embryonic NSCs. The concentration of corticosteroids to half saturate the cognate receptors is thought to be ϳ10 nM (de Kloet et al., 1998) . This suggests that the observed effects of glucocorticoids on embryonic NSCs may also occur in vivo under certain conditions. The physiological concentrations of glucocorticoids in brain tissue especially during development are, however, hard to predict. The present results indicate that, in situations with higher concentrations of glucocorticoids exemplified by prenatal-induced stress, the hormones may attain high enough levels to influence the development of the NSCs. To study this in more detail, we injected Dex to embryonic rats followed by analyses of BrdU-labeled NSCs. In keeping with data in vitro, Dex administration in vivo reduced cell proliferation of NSCs by approximately one-third. The effect was observed in embryonic NSCs within developing striatal neuroepithelium and in the developing hippocampal anlage. These data demonstrate that glucocorticoid hormones can decrease proliferation of NSCs in embryonic brain and profoundly affect brain development.
Apart from cell proliferation, glucocorticoids may possibly influence cell death or differentiation of embryonic NSCs. The results obtained showed that there was no difference between control and treated NSCs with regard to cell death markers and the activation of caspase-3. This suggests that enhanced caspase activation and cell death play minor roles in the decrease in NSC number mediated by Dex.
In addition, we were unable to detect any influence of glucocorticoids on differentiation of NSCs. Thus, there was no significant change in the relative proportion of developing neurons and glia cells in NSCs after treatment with Dex. These data are in contrast with our previous studies on sex steroids, showing a relatively higher proportion of ␤-tubulin-positive neurons in embryonic NSCs treated with either estrogen or androgens (Brännvall et al., 2002 (Brännvall et al., , 2005 . To compare the physiological roles of corticosteroids and sex steroids in embryonic NSCs in more detail, we performed initial studies on the addition of Dex together with either estrogen or androgen. However, because of the dramatic decrease in the proliferation of embryonic NSCs by Dex, the studies on cell differentiation became hard to pursue. In this context, the future analyses of the hormone interactions in NSCs may be more rewarding to perform in vivo.
In brain, GRs are expressed by different regions and by both neurons and glial cells (Lindholm et al., 1992; de Kloet et al., 1998) . The ontogeny of the GR has been studied in rodent and recently also in marmoset monkey brain tissue (Van Eekelen et al., 1991; Schmidt et al., 2003; Pryce et al., 2005) . Previous studies on rat hippocampus showed that prenatal stress reduced neurogenesis and caused an impairment of hippocampal-dependent spatial learning as observed later in life (Lemaire et al., 2000) . A part of this stress effect was ascribed to an increased activity of the HPA axis with higher levels of glucocorticoids. The stressmediated effect on neurogenesis was suggested to be indirect, occurring primarily through effects on the activity of the serotonergic system by glucocorticoids (Lemaire et al., 2000) .
We show here that GRs are abundantly present in embryonic NSCs, and their activation by Dex dramatically reduces the proliferation of NSCs, as shown in vivo and in vitro. The present results suggest that the higher levels of glucocorticoid hormones, which may occur after prenatal stress, can directly inhibit the prolif- eration of NSCs. The present data also show that embryonic NSCs are important targets for the action of glucocorticoids in developing brain. The physiological and long-term consequences of the glucocorticoid-mediated regulation of the proliferation and number of developing NSCs warrant additional studies.
